BACKGROUND: Obesity is associated with low-grade systemic inflammation, in part because of secretion of proinflammatory cytokines, resulting into peripheral insulin resistance (IR). Increased oxidative stress is proposed to link adiposity and chronic inflammation. The effects of endurance exercise in modulating these outcomes in insulin-resistant obese adults remain unclear. We investigated the effect of endurance exercise on markers of oxidative damage (4-hydroxy-2-nonenal (4-HNE), protein carbonyls (PCs)) and antioxidant enzymes (superoxide dismutase (SOD), catalase) in skeletal muscle; urinary markers of oxidative stress (8-hydroxy-2-deoxyguanosine (8-OHdG), 8-isoprostane); and plasma cytokines (C-reactive protein (CRP), interleukin-6 (IL-6), leptin, adiponectin). METHODS: Age-and fitness-matched sedentary obese and lean men (n ¼ 9 per group) underwent 3 months of moderate-intensity endurance cycling training with a vastus lateralis biopsy, 24-h urine sample and venous blood samples taken before and after the intervention. RESULTS: Obese subjects had increased levels of oxidative damage: 4-HNE ( þ 37%; Pp0.03) and PC ( þ 63%; Pp0.02); evidence of increased adaptive response to oxidative stress because of elevated levels of copper/zinc SOD (Cu/ZnSOD) protein content ( þ 84%; Pp0.01); increased markers of inflammation: CRP ( þ 737%; Pp0.0001) and IL-6 ( þ 85%; Pp0.03), and these correlated with increased markers of obesity; and increased leptin ( þ 262%; Pp0.0001) with lower adiponectin ( À 27%; Pp0.01) levels vs lean controls. Training reduced 4-HNE ( À 10%; Pp0.04), PC ( À 21%; Pp0.05), 8-isoprostane ( À 26%; Pp0.02) and leptin levels ( À 33%; Pp0.01); had a tendency to decrease IL-6 levels ( À 21%; P ¼ 0.07) and IR ( À 17%; P ¼ 0.10); and increased manganese SOD (MnSOD) levels ( þ 47%; Pp0.01). CONCLUSION: Endurance exercise reduced skeletal muscle-specific and systemic oxidative damage while improving IR and cytokine profile associated with obesity, independent of weight loss. Hence, exercise is a useful therapeutic modality to reduce risk factors associated with the pathogenesis of IR in obesity.
INTRODUCTION
Obesity is an independent risk factor for type 2 diabetes mellitus, cardiovascular disease, stroke and cancer. 1 Obesity is associated with chronic low-grade systemic inflammation, in part because of increase in proinflammatory systemic milieu imposed by proinflammatory cytokines. 2 Adipocytes are a major source of proinflammatory cytokines and are implicated in the onset and progression of obesity, insulin resistance (IR) and cardiovascular disease. 2 The proinflammatory adipocytokines, leptin, interleukin-6 (IL-6) and C-reactive protein (CRP), are higher, whereas adiponectin, the main anti-inflammatory and insulin-sensitizing compound, is lower in obesity. 3 Adipocytokines modulate various aspects of skeletal muscle metabolism, and therefore any alteration in cytokine secretome during obesity may negatively modulate insulin sensitivity. It is also suggested that increased skeletal muscle oxidative stress may link adiposity and chronic inflammation. 4 The mechanisms underlying IR in obesity remain unclear. We believe that the pro-inflammatory stress signals initiated through altered secretion of pro-inflammatory cytokines and oxidative stress form the etiological basis for IR.
Although acute bout of endurance exercise induces a transient oxidant pulse, endurance exercise training results in an increase in skeletal muscle oxidative capacity, 5, 6 antioxidant enzymes 7 and insulin sensitivity. 8 These findings are consistent with the hormesis hypothesis that adaptations induced by repetitive acute exposures to regular exercise-induced oxidant stress lead to long-term metabolic and redox maintenance. Exercise training-mediated redox adaptations occur through activation of signaling pathways that lead to increased synthesis of enzymatic and nonenzymatic antioxidants 9, 10 that maintain the 'physiological' reactive oxygen species (ROS) levels where they can act as signaling molecules. 11 In overweight/obese individuals, the effects of endurance training on oxidative stress and inflammation remain unclear. In lean and obese men, endurance training without weight loss lowers circulating IL-6 and leptin concentrations with no effect on CRP level. 12 However, other studies have argued an independent effect of exercise training on inflammatory markers and indicate that weight loss might be required to normalize these levels.
obese women subjected to aerobic training that led to higher aerobic capacity, independent of weight loss. 15 Few studies directly examined the association between oxidative stress, inflammation and chronic exercise training in adult obese men and the findings remain contradictory. 16, 17 We hypothesize that peripheral IR stems from the combination of factors prevalent in obesity, including skeletal muscle oxidative stress and systemic low-grade inflammation, in part because of pro-inflammatory cytokine imbalance. We further hypothesize that endurance exercise training modulates these factors, which results in improvement in IR, in part, by augmenting cellular antioxidant mechanisms. In the current study, we examined the relationship between adiposity, proinflammatory cytokines and oxidative stress levels in a cohort of nondiabetic lean and obese men, group matched for age and physical fitness. We also investigated the therapeutic effects of endurance training on markers of oxidative damage, inflammation and proinflammatory cytokine levels, independent of changes in body composition.
MATERIALS AND METHODS Subjects
The Research Ethics Board of McMaster University approved the experimental protocol (Research Ethics Board project no. 05-053) that was conducted in accordance with the guidelines of the Declaration of Helsinki. All subjects provided written informed consent before enrollment in the study. Inclusion criteria included age from 20 to 55 years and body mass index (BMI) of X30.0 kg m À 2 for obese and 18.5-24.9 kg m À 2 for lean individuals with a self-reported stable body weight during the previous 6 months. Exclusion criteria included evidence of diabetes, hypertension (X140/90 mm Hg) and/or an abnormal exercise stress test. Individuals who smoked, exercised for 43.5 h per week at a level more vigorous than walking for the preceding 6 months, had orthopedic contraindications to physical activity or used lipid-lowering, glucoselowering, antihypertensive, antidepressant or weight-loss medications were also excluded. Diet-related exclusion criteria included more than two alcoholic beverages per day. A total of 24 men enrolled in the study, and experimental groups were matched for age and training status (VO 2peak per kg FFM per min) when corrected for fat-free mass (FFM) ( Table 1) . Six men (3 in the lean group and 3 in the obese group) did not complete the study because of inability/unwillingness to comply with protocol or because of personal or work-related conflicts.
Protocol
All subjects underwent a 12-week endurance training protocol on a stationary cycle ergometer (Monarck, Cardio Care 827E, Vansbro, Sweden), as previously described. 18 Briefly, the protocol commenced with two 30-min biking sessions at 50% VO 2peak per week in the first week and increased to three 60-min biking session at 70% VO 2peak per week by the final week of training.
Metabolic assessments
Before and after the intervention, all subjects underwent evaluation of IR, body composition and physical fitness, had a muscle biopsy (vastus lateralis) and completed 3-day diet records (2 weekdays and 1 weekend day). Dietary intake was determined using dietary analysis software (Nutritionist Pro, Version 2.2, First DataBank Inc., San Bruno, CA, USA). Subjects did not exercise for 48 h preceding the metabolic assessments. After an overnight fast, the glycemic response to a 75-g oral glucose load (300 ml) was determined. Blood samples were collected before and 30, 60, 90 and 120 min during the oral glucose tolerance test. For assessment of IR, the homeostasis model assessment index of insulin resistance (HOMA-IR) was determined according to the equation: HOMA-IR ¼ I 0 Â G 0 /22.5, where I 0 is the fasting insulin concentration (in mU ml À 1 ) and G 0 is the fasting glucose concentration (in mM). 19 Fat mass, FFM and body fat percentage were assessed by dual-energy X-ray absorptiometry (GE Lunar, Prodigy, Madison, WI, USA). A symptom-limited maximal oxygen consumption test (VO 2peak ) was determined on an electronically braked cycle ergometer and a computerized open-circuit gas collection system (Moxus Modulator VO 2 system with O 2 analyzer S-3A/I and CO 2 analyzer CD-3A, AEI Technologies Inc., Pittsburgh, PA, USA). Subjects cycled (Excalibur Sport, Lode, Groningen, The Netherlands) at 50 W for 1 min, thereafter increasing in increments of 25 W per min. VO 2peak was established when O 2 consumption values reached a plateau or was the highest value during the incremental ergometer protocol, pedal revolutions could not be maintained over 60 r.p.m. despite vigorous encouragement and the respiratory exchange ratio was more than 1.12. Subjects were monitored using a 12-lead electrocardiogram to rule out any cardiovascular abnormalities.
Blood analysis
Blood samples were taken from the antecubital vein after an overnight fast and collected in heparinized or untreated vials, placed on ice, centrifuged at 1750 g for 10 min and stored at À 80 1C until subsequent analysis. Serum free-fatty acid (FFA) and cytokines were determined using commercially available enzyme-linked immunosorbent assay (ELISA) kits: FFA (HR Series NEFA-HR (2); Wako Diagnostics, Richmond, VA, USA); adiponectin (Human Adiponectin Kit DRP300; Quantikine, R&D Systems, Minneapolis, MN, USA), leptin (Human Leptin Kit DLP00, Quantikine, R&D Systems) and IL-6 (Human IL-6 Kit D6050, Quantikine, R&D Systems), and CRP (Human CRP ELISA kit, Alpha Diagnostics International, Cedarlane Labs, Burlington, ON, Canada). Plasma glucose concentration was determined using an automated glucose analyzer (2300 STAT plus, YSI, Hampshire, UK). Plasma insulin concentration was determined using a commercially available ELISA kit (INS-EASIA, Kit KAP1251, BioSource, Nivelles, Belgium).
Urine analysis
Subjects were asked to collect their urine over a 24-h period. Urine samples were stored at À 80 1C until subsequent biochemical determination. Urine samples were analyzed for markers of oxidative stress using commercially available ELISA kits: 8-isoprostane (Kit 516351, Cayman Chemical, Ann Arbor, MI, USA) and 8-hydroxy-2-deoxyguanosine (8-OHdG; New 8-OHdG Check, Kit KOG-200S/E, JaICA, Shizuoka, Japan).
Muscle biopsies
Samples of vastus lateralis were obtained by percutaneous suctionmodified Bergströ m needle biopsy, as previously described. 20 Biopsies were taken from the same leg before and after the intervention with 3-5 cm between the incision sites. Approximately 120 mg of muscle tissue was obtained each time and immediately dissected of any adipose and connective tissue. Muscle tissue was immediately stored in liquid nitrogen until transferred to À 80 1C to be stored for subsequent biochemical and molecular analysis.
Homogenization
Total protein was extracted from frozen skeletal muscle biopsy samples and quantified using the Lowry assay, as previously described. 21, 22 Immunoblotting Proteins were resolved on 7.5, 10 or 12.5% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) gels depending on the molecular weight of the protein of interest. The gels were transferred onto Hybond ECL nitrocellulose membranes (Amersham, Piscataway, NJ, USA) and immunoblotted using the following commercially available primary antibodies: anti-4-hydroxy-2-nonenal (4-HNE; ab48506-50), antiCu/ZnSOD (ab16831-100), anti-MnSOD (ab13534-50) and anti-catalase (ab16731), all purchased from Abcam Inc. (Cambridge, MA, USA). Anti-actin (612657, BD Biosciences, Mississauga, ON, Canada) was used as a loading control. Membranes were then incubated with the appropriate anti-mouse or anti-rabbit horseradish peroxidase-conjugated secondary antibody and visualized by enhanced chemiluminescence detection reagent (Amersham). Relative intensities of the protein bands were digitally quantified (ImageJ, Version 1.37, NIH, Bethesda, MD, USA).
Protein carbonyl
Total protein carbonyl (PC) content in muscle lysates was determined using a commercially available kit (Oxyblot Protein Oxidation Detection Kit S7150, Chemicon International, Inc., Temecula, CA, USA). Briefly, 10 ml of 12% SDS and 20 ml of 2,4-dinitrophenylhydrazine were added to 10 ml of muscle homogenate and incubated for 15 min at room temperature. Then, 17 ml of neutralizing solution was added to the samples followed by the 
Statistical analysis
When analyzing differences between lean and obese individuals, statistical analyses were completed using unpaired Student's t-tests for independent samples (Statistica, Version 5.0, Statsoft, Tulsa, OK, USA) with adiposity (lean, obese) being the experimental condition. A two-way repeated measures analysis of variance (Statistica, Version 5.0, Statsoft) with adiposity (lean, obese) and training (pre, post) being the experimental conditions was completed when analyzing the effect of the endurance exercise program. When statistical significance was achieved, Tukey's HSD (Honestly Significant Difference) post hoc test was used to identify individual differences. Correlation analyses were performed using GraphPad Prism (Version 4, GraphPad Software, San Diego, CA, USA). We used a one-tailed test with urinary markers of oxidative damage (8-OHdG and 8-isoprostane), skeletal muscle PCs and 4-HNE content, as well as plasma adipokines (leptin, adiponectin) and markers of inflammation (CRP, IL-6) because we a priori hypothesized that obese individuals would have higher concentrations of these markers (8-OHdG, 8-isoprostane, PC, 4-HNE, CRP, IL-6 and leptin), but lower adiponectin levels compared with the lean group; and would be influenced by exercise, based upon earlier work by our group. 15 For all other analyses, a two-tailed test was employed. Statistical significance was established at Pp0.05. Data are presented as means ± s.e.m.
RESULTS

Subject characteristic
Before training, obese men had significantly higher body weight, BMI, waist circumference, fat mass, FFM, total body fat percentage and android, gynoid, trunk and leg fat percentage than lean men (Table 1) . Before training, obese men had significantly higher serum triglyceride and FFA concentrations, but lower serum highdensity lipoprotein cholesterol concentrations, than lean men (Table 1) . Endurance training significantly increased aerobic capacity by 18% in lean men and by 15% in obese men (Pp0.001) ( Table 1) . Endurance training reduced waist circumference by 4% in lean men and by 3% in obese men (Pp0.001), whereas it had no effect on body weight, BMI, fat mass, FFM, total body fat percentage and android and trunk fat percentage, which remained markedly higher in the obese group (Pp0.02; Table 1 ). Endurance training also reduced gynoid and leg fat percentage by À 3% and À 4%, respectively. Endurance training increased FFA concentrations (Pp0.03), whereas total cholesterol, triglyceride, high-density lipoprotein and low-density lipoprotein cholesterol concentrations remained unchanged (Table 1 ). Total energy intake was similar between lean and obese groups before training, and tended to decrease following training with no effect on the composition of the diet (Table 2) . Obese men tended to obtain a greater portion of their daily energy intake from fat and less from carbohydrate compared with lean men before and following training ( Table 2) .
Oral glucose tolerance test and IR Before training, obese men had significantly higher plasma insulin area under the curve (AUC insulin , Figure 1a ) and higher plasma AUC glucose (Figure 1b ) than lean men after the oral glucose challenge. Before training, fasting and 2-h plasma insulin levels as well as 2-h plasma glucose levels were significantly higher in obese men than in lean men (Table 1) . Endurance training reduced both the 2-h plasma glucose (Pp0.01) and insulin (P ¼ 0.07) concentrations (Table 1) . However, post-training plasma AUC insulin concentrations remained significantly higher in obese vs lean men ( Figure 1a ). There was no difference in the plasma AUC glucose concentrations between obese and lean men following training ( Figure 1b ). Before training, HOMA-IR was 68% higher in obese than in lean men (3.31±0.47 vs 1.97±0.26; Pp0.02; Figure 1c ). Endurance training tended to decrease HOMA-IR by , respectively; Pp0.01) and the adiponectin-to-leptin ratio ( À 81%, 570 ± 126 vs 2976 ± 542, respectively; Pp0.001) were significantly lower (Table 3) , whereas CRP ( þ 737%, 2611 ± 353 vs 312 ± 84 ng ml À 1 , respectively; Pp0.0001), IL-6 ( þ 85%, 0.97 ± 0.20 vs 0.52 ± 0.08 pg ml À 1 , respectively; Pp0.03) and leptin ( þ 262%, 12 966±1787 vs 3583±543 pg ml À 1 , respectively; Pp0.0001) concentrations were markedly higher in obese than in lean men (Figure 2 ). Endurance training significantly reduced serum leptin concentrations ( À 33%, 5524±919 vs 8274±1454 pg ml À 1 , post-and pre-training, respectively; Pp0.01), with a greater reduction observed in obese men ( À 34%) than in lean men ( À 22%); however, post-training serum leptin remained significantly elevated in obese men (Pp0.001; Figure 2b ). Endurance training tended to reduce serum IL-6 ( À 21%, 0.58±0.07 vs 0.73±0.11 pg ml À 1 , post-vs pretraining, respectively; P ¼ 0.07; Figure 2c) ; however, post-training serum IL-6 remained significantly elevated in obese than in lean men (Pp0.02). Serum adiponectin and CRP concentrations were unaltered by endurance training (Figures 2a and d) . The adiponectin-to-leptin ratio was also unaltered by training (Table 3) .
Urinary markers of oxidative damage Before training, obese men tended to have higher urinary 8-OHdG (a marker of DNA damage) and 8-isoprostane (a marker of lipid peroxidation) levels than in lean men (both P ¼ 0.09; Figures 3a  and b) . Endurance training tended to reduce urinary 8-OHdG levels by 15% in obese men only (P ¼ 0.07). Endurance training reduced urinary 8-isoprostane levels by 26% (Pp0.02). Examining the groups independently, the post-training reduction in (Figures 3a and b) .
Skeletal muscle oxidative damage and antioxidant capacity Before training, obese men had higher PC (a marker of protein oxidation) and 4-HNE (a marker of lipid peroxidation) levels by 63% (Pp0.02) and 37% (Pp0.03), respectively, than in lean men (Figures 3c and d) . Endurance training significantly reduced PC levels by 21% (Pp0.05). Examining the groups independently, endurance training significantly decreased PC levels by 33% in obese men only (Pp0.05), thus approaching the levels observed in the lean group. Notably, PC levels were not different between the two groups post-training. Endurance training decreased 4-HNE levels by 10% (Pp0.04); however, they remained higher in obese than in lean men post-training (Pp0.04). Before training, only the cytoplasmic antioxidant enzyme copper/zinc superoxide dismutase (Cu/ZnSOD) was higher in the Endurance exercise and oxidative stress IA Samjoo et al obese than in lean men by 84% (Pp0.01; Figure 4a ). Endurance training tended to increase Cu/ZnSOD by 27% (P ¼ 0.10), with a greater increase observed in obese men than in lean men ( þ 37% vs þ 12%, obese vs lean, respectively; P ¼ 0.08). Endurance training increased the mitochondrial antioxidant enzyme manganese SOD(MnSOD) by 47% (Pp0.01), with a greater increase observed in obese men ( þ 89% vs þ 13%, obese vs lean, respectively; P ¼ 0.01; Figure 4b ). Neither obesity nor endurance training altered the protein content of catalase (Figure 4c ).
Correlations
A correlation summary between markers of oxidative damage and inflammation vs anthropometric indices of adiposity and IR is given in Table 4 . Briefly, markers of inflammation in blood (CRP, IL-6) correlated positively with anthropometric measures (waist circumference, BMI, body fat percentage); however, only CRP was significantly correlated with HOMA-IR. Serum leptin correlated positively with anthropometric indices and HOMA-IR, whereas serum adiponectin and the adiponectin-to-leptin ratio were inversely correlated with these variables. Both urinary 8-OHdG and 8-isoprostane correlated positively with anthropometric indices and HOMA-IR. Skeletal muscle markers of protein oxidative damage (PCs) and lipid peroxidation (4-HNE), as well as antioxidant capacity (Cu/ZnSOD), correlated positively with anthropometric indices of adiposity. A correlation summary between proinflammatory cytokines and oxidative and antioxidant markers is given in Table 5 . In general, proinflammatory cytokines (that is, CRP and IL-6) positively correlated with markers of oxidative stress but not with markers of antioxidant capacity (Table 5 ). Leptin correlated positively whereas the adiponectin-toleptin ratio correlated negatively with markers of oxidative stress, but neither was correlated with markers of antioxidant capacity (Table 5) .
DISCUSSION
In this study, we assessed the association between adiposity, inflammation and oxidative damage in nondiabetic lean and obese men and the therapeutic effects of endurance exercise to negatively regulate these pathologies. We showed that obese men had elevated skeletal muscle and urinary oxidative stress, and dysregulated cytokine profile compared with age-and fitnessmatched lean counterparts. We further report that 3 months of endurance exercise training substantially improved biochemical, oxidative stress, inflammation, metabolic health indices and antioxidant variables in sedentary lean and obese participants, independent of weight loss. These results corroborate our previous findings that exercise training lowered oxidative stress markers of lipid peroxidation and DNA damage in lean and obese women following 12 weeks of exercise training. 15 A novel aspect of the current study is that the exercise training mediated improvement of skeletal muscle and systemic markers of oxidative damage and skeletal muscle antioxidant capacity in obese men and occurred in the absence of changes in body weight, BMI or body fat percentage, suggesting that positive cellular metabolic 
Oxidative markers 8-OHdG 0.54 (Pp0.01) 0.11
Abbreviations: 4-HNE, 4-hydroxy-2-nonenal; 8OHdG, 8-hydroxy-2-deoxyguanosine; 8-IsoP; 8-isoprostane; Adipo, adiponectin; A/l, adiponectin-to-leptin; CRP, C-reactive protein; Cu/ZnSOD, copper/zinc superoxide dismutase; IL-6; interleukin-6; MnSOD, manganese superoxide dismutase; NS, not significant; PC, protein carbonyl.
Endurance exercise and oxidative stress IA Samjoo et al and redox changes precedes weight loss. These data provide molecular support to the anecdotal notion that it is better to be fit and obese than lean and sedentary. Obesity is strongly associated with higher oxidative stress in skeletal muscle. 3 One possible obesity-related contributing factor to IR is oxidative stress-induced lipid peroxidation and the modification of proteins by reactive aldehydes such as 4-HNE, presumably because of an inadequacy of antioxidant defenses in tissues. 23 Recently, Finkel and Holbrook 24 stated that the best strategy to enhance endogenous antioxidant levels may actually be physiological transient pulses of oxidative stress itself, based on the classical physiological concept of hormesis. Exercise at high intensity causes a pulsatile increase in oxidative stress because of the generation of ROS that initially exceed the defense capacity in skeletal muscle. 25, 26 However, it has been consistently observed that individuals undergoing exercise training have high levels of antioxidant enzymes and nonenzymatic antioxidants in muscle and demonstrate lower basal levels of oxidative stress and damage accumulation, as well as greater resistance to exerciseinduced oxidative stress. 7, 27 These adaptations result from cumulative effects of repeated exercise bouts on gene expression and total content of antioxidant enzymes.
Chronically elevated levels of ROS are an important trigger for IR 28 and subsequent pathophysiology. 29, 30 Thus, the potential clinical significance of lowering ROS levels in skeletal muscle through regular physical activity may ameliorate skeletal muscle IR. In the present study, we showed that obese men have elevated skeletal muscle 4-HNE levels compared with healthy lean subjects and that 4-HNE levels correlate well with anthropometric indices of adiposity, namely waist circumference, BMI and body fat percentage. These findings align with the accumulating evidence suggesting that 4-HNE may play an important role in the pathogenic cellular changes that cause IR and other abnormalities in obesity, and that 4-HNE may also mediate disease processes promoted by obesity.
3,31 Notably, we and others have found that levels of 4-HNE are higher in the blood and/or muscle tissue of obese than in lean subjects. 15, 32, 33 Regular moderate exercise is widely prescribed as countermeasure for obesity and associated comorbidities. 15, 18 Obese subjects 23 and a genetic animal model of extreme overeating 34 have lower circulating by-products of lipid peroxidation, and improved muscle insulin sensitivity, following exercise training. 23, 34, 35 Indeed, the observed lower 4-HNE levels, along with an improvement in glycemic regulation, in obese subjects post training supports the aforementioned observations. Similarly, high PC levels are observed in IR and are correlated with the sequelae of diabetes. 36 We also showed elevated skeletal muscle PC levels in obese men compared with normal-weight controls and a strong positive correlation between PCs and several clinical indices of adiposity. Furthermore, skeletal muscle PC levels in the obese group decreased with training, approaching levels observed in controls; findings consistent with previous reports. 37 Intracellular enzymes such as SOD and catalase act as primary line of defense to cope with the deleterious effects of ROS, 38 thereby contributing to an overall decrease in oxidative damage. Lower SOD and catalase activity are associated with IR, 39 suggesting that reduced capacities of antioxidant enzymes lead to increased oxidative stress in diabetes 40 and obesity. 41 Although delineating the molecular mechanisms mediating stress-induced IR was beyond the scope of the present study, a great body of studies has reported that oxidative stress is linked to IR. [42] [43] [44] It has been suggested that the accumulation of modified cellular components such as proteins, lipids or DNA in obesity activate inhibitory signaling cascades (that is, serine phosphorylation of insulin receptor substrates) or the 'stress-activated protein kinases' of the mitogen-activated protein kinase family. 45 Elevated ROS stimulates serine/threonine phosphorylation of insulin receptor substrate-1, preventing tyrosine phosphorylation and the subsequent insulin signaling cascade leading to IR. 46 Houstis et al. 28 demonstrated evidence of a causal role of oxidative stress in IR. Using cellular models, they found that increases in ROS levels preceded the onset of detectable IR. 28 In addition, they found that PC levels, a marker of cumulative oxidative stress, were elevated by 50% and 110%, respectively. 28 Furthermore, they showed that MnTBAP, an antioxidant molecule that has catalytic activities similar to the ROS-scavenging enzymes SOD and catalase, had a dose-dependent suppression of IR and also prevented the increase in protein carbonylation. 28 In another study, Furukawa et al.
3 demonstrated in several mouse models of obesity that oxidative stress in accumulated fat mediates the obesity-associated development of metabolic syndrome in the following ways: (1) increased oxidative stress in accumulated fat leads to dysregulated production of adipocytokines and (2) the selective increase in ROS production in accumulated fat leads to elevation of systemic oxidative stress. Importantly, their study revealed that treatment with the NADPH oxidase inhibitor apocynin reduced ROS production in adipose tissue of KKAy mice. 3 It also improved hyperinsulinemia, hyperglycemia, hypertriglyceridemia and hepatic steatosis. 3 Increased expression of adiponectin and decreased expression of tumor necrosis factor-a were observed in white adipose tissue of apocynintreated KKAy mice, demonstrating that reduction of oxidative stress in accumulated fat could improve the dysregulation of adipocytokines in vivo.
3 Similar to our hypothesis, Furukawa et al.
3
proposed that that increased oxidative stress is an early instigator and one of the important underlying causes of obesity-associated sequelae; hence, the redox state in obesity is a potentially useful target in new therapies against obesity-associated metabolic syndrome, 3 as we demonstrated in the endurance training study. Interestingly, we found a higher protein content of Cu/ZnSOD in obese than in lean men before exercise, contrary to other studies. 41 This increase in Cu/ZnSOD protein content likely reflects a compensatory upregulation in response to chronically elevated ROS production, as reflected in the higher 4-HNE and PC levels in obese men in the current study. We found a significant increase in MnSOD protein expression concomitant with reductions in skeletal muscle 4-HNE, PCs and urinary 8-OHdG and 8-isoprostane content in the obese men after exercise training. Our observation of an increase in MnSOD protein content in response to endurance exercise training is consistent with previous findings, 9,10 and points to an adaptive response to exercise training. 47 Collectively, the reductions in urine and muscle of obese and lean men in response to exercise training in (1) lipid peroxidation, (2) protein oxidation and (3) DNA damage, as well as (4) elevated muscle antioxidant capacity, suggest that exercise training leads to a greater ability of muscle to readily and rapidly detoxify ROS. This is compatible with the prevention of the formation of pathological levels of ROS that may lead to nonspecific ROS-induced cellular damage and redox imbalance, 48 thus explaining why trained individuals display less cell damage than untrained subjects. 49 Dysregulated proinflammatory cytokine production and reduced adiponectin levels contribute to the pathogenesis of obesity-associated cardiometabolic risk and/or type 2 diabetes mellitus. 50 Abdominal and visceral adiposity correlate with systemic biomarkers of oxidative stress in both men and women, 3 and increased oxidative stress in obesity may in part be the underlying cause of systemic low-grade chronic inflammation and the development of IR. 3 Here we have demonstrated that in nondiabetic obese and lean men, clinical indices of adiposity closely correlated with systemic biomarkers of oxidative DNA and lipid damage, 8-OHdG and 8-isoprostane, respectively. This is in agreement with recent studies suggesting that systemic oxidative stress correlates with BMI and waist circumference. 3 In addition, we demonstrated that plasma proinflammatory cytokines and adiponectin levels in obese men Endurance exercise and oxidative stress IA Samjoo et al were dysregulated compared with healthy lean controls and that oxidative stress correlated positively with CRP and leptin, and inversely with adiponectin. These results are consistent with a recent study that demonstrated that increased ROS in obesity caused dysregulation of proinflammatory cytokine production and that treatment with antioxidants in vivo mitigates this dysregulation, resulting in attenuation of glucose intolerance. 3 Indeed, plasma adiponectin levels were markedly lower and correlated inversely with both oxidative stress and IR, whereas leptin, IL-6 and CRP were elevated in the obese group, with leptin and CRP levels correlating positively with both oxidative stress and IR. Several studies have also found an effect of obesity on plasma adiponectin, leptin, IL-6 and CRP. 51 Furthermore, exercise training mitigated some of the proinflammatory cytokine dysregulation, namely lowering leptin and IL-6, concomitant with significant reductions in systemic biomarkers of oxidative stress and glucose/ insulin in obese men only. Although we found that exercise training reduced oxidative stress in obese and lean men independent of weight loss, there was no effect of training on adiponectin and CRP in either group. This finding is consistent with numerous studies showing that weight loss is needed to increase adiponectin and to normalize certain inflammatory markers. 14 In addition, during recent years, accumulating data have shown that muscle cells are able to produce and secrete cytokines and other peptides in response to exercise 52, 53 that may exert autocrine, paracrine or endocrine effects. Hence, the source of the elevated proinflammatory cytokine profile cannot be conclusively confirmed as adipocyte derived, nor the reduction in these molecules post training be attributed to a reduction in adipocyte-derived adipokines in the current study. Exercise may reduce macrophage infiltration into adipose tissue in order to reduce inflammation. 54 Although the source of the proinflammatory cytokines and oxidative stress markers remains unknown in the current study or almost any human studies conducted to date, we speculate that these results are likely of muscle origin because of the absence of weight loss and body fat percentage. However, future work is indeed warranted to identify if tissues other than adipose tissue (that is, skeletal muscle), which are known to secrete myokines, have an additive effect to the proinflammatory milieu that we see in the current obese population. The finding that muscles produce and release myokines provides a conceptual basis for understanding some of the molecular mechanisms underlying organ cross-talk, including muscle-liver and muscle-fat cross-talk; however, delineating this is beyond the scope of the current study.
The observed reduction in waist circumference in the absence of total body weight loss or reduction in total percent body fat with endurance exercise training is hypothesized to be because of a loss in visceral adipose tissue or trunk fat. To test this hypothesis, we examined region body fat percentages (android, gynoid, trunk and leg fat percentage) assessed by dual-energy X-ray absorptiometry. Counter to our hypothesis, the reduction in waist circumference could not be explained by android or trunk fat percentage. It is not easy to reconcile these findings, but it can be speculated that visceral fat and/or trunk fat depots may have been mobilized and redistributed to other regions not sensitive enough to be captured by dual-energy X-ray absorptiometry scan or assessed in the present study. Furthermore, a single, skilled clinical study coordinator experienced in performing multiple physical anthropometric measurements in humans made both pre-and post-training assessments; hence we are confident in our measurements. In addition, a similar observation was made by our group in a cohort of obese women who underwent a similar exercise training regimen. 15 In the present study, we evaluated markers of oxidative damage and inflammation to ascertain a broader perspective regarding redox balance and fitness level while simultaneously controlling for age, physical fitness, weight loss and body composition. When lean and obese subjects completed 3 months of endurance exercise training, their levels of systemic and skeletal muscle oxidative stress decreased and their circulating marker of inflammation had a strong decreasing trend. In addition, multiple glucose homeostatic health indicators improved concomitant with a strong decreasing trend in IR. We propose that endurance exercise is a therapeutic modality that reduces risk factors associated with the pathogenesis of IR in obesity.
